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We investigate the formation of stable one-dimensional Néel walls in a ferromagneti slab with
nite thikness and nite width. Taking into aount the dipolar, the exhange and the uniaxial
anisotropi rystalline eld interations, we derive an approximative analytial self-onsistent ex-
pression that gives the wall width in terms of ratios between the three dierent energy sales of the
problem. We also show that, even when the rystalline anisotropy does not favour the formation of
domain walls, they an yet be formed due to the dipolar interation and the niteness of the system.
Moreover, using a Stoner-Wohlfarth approah, we study the magnetization reorientation inside the
domains under the ation of an external magneti eld and obtain the respetive hysteresis loops,
showing that their shapes hange from squared to inlined as the width of the slab varies. Finally,
we disuss possible appliations of this model to desribe qualitatively some reent experimental
data on thin lms of MnAs grown over GaAs substrates.
PACS numbers: 75.70.Ak ; 75.60.Ch ; 76.60.Es
I. INTRODUCTION
Magnetism in the miro and nanosales is a soure of
promising tehnologial advanes in a very broad range of
interests, from spintronis and quantum omputation [1℄
to biophysis and pharmaology. Nowadays, with the im-
provement of experimental methods for growth and har-
aterization of magneti thin lms, this partiular lass
of mesosopi (quasi)two-dimensional systems has been
largely investigated [2, 3℄. Partiularly, one of the prop-
erties of suh lms that has been alling more attention is
their magneti domain strutures and their dependene
on temperature, lm thikness and applied magneti eld
[4, 5, 6, 7, 8℄. Many of these systems present a ompeti-
tion between a short-range, strong interation (exhange)
and a long-ranged, weak one (dipolar), from whih it is
expeted the emergene of spatially modulated ongu-
rations [9, 10℄. However, rarely these theoretial models
onsider possible size eets due to the niteness of the
lm width; on the ontrary, usually they desribe the
lms as innite plates, whih is fair desription of most
experimental systems (see, for example, [11, 12, 13, 14℄).
One lass of magneti materials that annot be de-
sribed as an innite plate and that has been reently
subjeted to deep experimental analysis are the thin
lms of MnAs grown over GaAs substrates (MnAs:GaAs)
[8℄. In bulk, MnAs exhibits a simultaneous abrupt rst-
order magneti/strutural transition from a ferromag-
neti, hexagonal phase (α phase) to a paramagneti, or-
thorhombi one (β phase) [15℄. However, MnAs:GaAs
lms do not show this abrupt transition; onversely, a
large region of oexistene between α and β phases arises
from 0
◦
C to 50 ◦C, haraterized by the formation of
periodi (α + β) stripes of onstant width. The rela-
tive witdths of the α and β phases varies with temper-
ature while the total (α + β) width remains onstant
[16, 17, 18, 19, 20℄. Hene, to understand the domain
struture inside eah ferromagneti stripe, and how it
varies with temperature, it is important to onsider its
nite width, speially beause in most experimental stud-
ies it is of the same order of its thikness.
In this work, we apply the general method of energy
minimization already used in other ontexts [21, 22, 23℄
(suh as innite plates, nanopartiles) to study the for-
mation of stable unidimensional domain walls in a slab
with nite thikness and nite width. The main purpose
of suh ommon proedure is to obtain an expression for
the total energy that inludes the dierent interations
ontributions. In our ase, there are three terms: the ex-
hange term (whih tends to unfavour sharp walls); the
uniaxial anisotropi rystalline term (whih an favour
or not the formation of sharp walls, depending on the
easy axis of magnetization) and the dipolar term. This
last one is rather important in nite systems, as already
pointed out by others [10℄; we show that, in the system
onsidered here, it is fundamental to form stable walls,
speially when the rystalline anisotropy does not favour
them. From this energy expression, it is possible to dis-
uss the dierent solutions for the wall width depending
on the three sales of energy involved.
We also generalize the energy expression to inlude do-
mains whose main magnetization axis is tilted by an angle
φ with respet to the normal diretion to the lm. With
suh expression, it is possible to study how the magne-
tization is reorientated under the ation of an external
magneti eld in the diretion of the easy axis. This
is ahieved by alulating theoretial hysteresis urves
through a method similar to the one proposed by Stoner
and Wohlfarth [24℄. This proedure does not take into
aount nuleation or pinning eets, but only the ro-
tation of the domains and may lead to values of mag-
neti oerive elds that are not exatly the measured
ones. However, as it is a mirosopi method, and not
a phenomenologial one, the main properties predited
are expeted to be followed by a variety of experimental
systems at least qualitatively.
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Figure 1: General piture of the oordinate system used to
desribe the ferromagneti slab.
Here is an outline of the artile: in Setion 2, we pro-
pose a general expression desribing the magnetization
orresponding to N domains whose walls width is σ in a
slab of thikness D and width d and alulate the orre-
sponding total energy, obtaining an approximative ana-
lytial equation. Next, we minimize it with respet to σ
and disuss various possible solutions for the wall width
depending on the axis of magnetization (if it is the easy
or the hard one) and the relationship among the three
distint energy sales. In Setion 3, we generalize the
previous proedure to inlined domains and disuss the
dierent shapes of the hysteresis loops that desribe spin
reorientation (i.e., if they are squared or inlined and the
values of the oerive elds). Setion 4 is devoted to
disuss a possible appliation of the model developed to
understand some properties of MnAs thin lms (parti-
ularly, reent experimental hysteresis urves). Setion 5
ontains the onlusions and nal remarks of the work.
II. ENERGY MINIMIZATION AND WALL
WIDTH
Through all this paper, we will use the oordinate sys-
tem shown in gure 1: the z axis orresponds to the slab
thikness (whih we shall all D), the x axis, to the slab
width (whih we shall all d) and the y axis, to the slab
length (onsidered innite for our purposes). The origin
of the axes is loated at the middle point of one of the
slab's faes, in a way that the x axis points in the dire-
tion of the other parallel fae. We onsider that there
is a strong rystalline eld that does not allow the mag-
netization to point in the y diretion (xz spin model).
This is the ase for many experimental systems and, spe-
ially, for the MnAs thin lms. But we will postpone the
disussion about realisti appliations of the model until
Setion 4.
Aordingly, the only kind of unidimensional domain
walls that may be formed in this system are Néel walls.
Initially, we hoose the magnetization to lie along the
z diretion, in suh a way that the walls are along the
x diretion. Although we are onsidering an uniaxial
anisotropi system, we will not dene yet whih of the
axis is the easy one. To onsider the role of the slab
thikness on the formation of these domains, we bound
the magnetization to be nonzero only inside it:
~M = [Mx(x)xˆ +Mz(x)zˆ] θ(D/2 + z)θ(D/2− z) (1)
where θ(x) is the Heaviside step funtion. It an be
shown that this formulation would be equivalent to on-
sider sharp domain walls in the upper and lower borders
of the slab suh that their width is muh smaller than the
width of the walls along the x diretion. As we are on-
erned with the latter, there is no signiant role played
by the former in what follows, and we an do σz → 0.
To investigate the formation of one-dimensional sharp
domain walls along the x diretion, we propose to study
the onguration in whih the z omponent of the mag-
netization is given by:
Mz(x) = M0
N∑
i=1
(−1)i−1
2
{
erfc
[
−x− d(i − 1)/N√
2σ
]
−erfc
[
−x− di/N√
2σ
]}
, (2)
where M0 is the saturation magnetization, erfc(x) is the
omplementary error funtion, N is the number of do-
mains inside the slab and σ orresponds to the wall width
along the x axis, whih will be varied to minimize the
total energy. This model resembles the one used in ref-
erene [23℄; the hoie of using the omplementary error
funtion is due to its analytial properties that will allow
us to obtain simple expressions for the wall width.
As we are onsidering a rystalline anisotropy suh that
My = 0, we an obtainMx using the fat that the module
of the total magnetization is onstant and equal to M0.
Hene, if we meet the ondition:
σ ≪ d , (3)
then we an obtain a simple approximate expression for
Mx in terms of Gaussian funtions:
Mx(x) = M0
N−1∑
i=1
e−
(x−di/N)2
2σ2 . (4)
A typial domain onguration desribed by (2) and
(4) is shown in gure 2, where the z and x omponents
of the magnetization are shown as a funtion of the slab's
width.
As we disussed in the previous setion, several works
[9, 10℄ have shown that, in systems with ompeting inter-
ations, a spatially modulated onguration is expeted.
One may interpret these ongurations as spread do-
main walls with sinusoidal domains; however, in this ar-
tile, we will investigate the formation of sharp walls, for
whih ondition (3) is expeted to be satised.
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Figure 2: Components (a) Mz and (b) Mx of the magnetiza-
tion desribed by (2) and (4) for a four domain onguration
along the redued slab's width x/d.
With the aid of expressions (2) and (4), we an alu-
late the total energy of a spei domain onguration.
However, it is neessary to make an assumption about
the mirosopi nature of the system if we want to in-
lude not only the marosopi terms onerning the
dipolar and the rystalline anisotropy interations, but
also the mirosopi exhange energy. For long wave-
lengths, one expets that the partiular lattie struture
(i.e., if it is ubi, hexagonal, et) will not substantially
hange the qualitative physial properties derived for an-
other kind of lattie. Hene, to simplify the alulations,
we follow [10℄ and hoose the system lattie to be u-
bi, with lattie parameter a and gyromagneti fator g.
Therefore, it is straightforward to relate the saturation
magnetization to the mirosopi parameters:
M0 =
gµB
a3
, (5)
where µB is the Bohr's magneton. Now, it is possible to
obtain the three dierent energy terms. The exhange
term is obtained from the lassial Heisenberg nearest-
neighbours Hamiltonian:
Hexc = −J
2
∑
〈ij〉
~mi ~mj
=
J
2a
∫
d3r
[∣∣∣~∇mx(~r)∣∣∣2 + ∣∣∣~∇mz(~r)∣∣∣2
]
,
where we moved to the ontinuum limit of the lattie (see,
for instane, [25℄) and dened ~m = ~M/M0. Using (1),
(2) and (4), we obtain that the exhange energy density
is given by:
Eexc
V
=
2J
a3
[
2N + π(N − 1)
8
√
π(d/a)(σ/a)
]
. (6)
To obtain the dipolar energy, as there are no free ur-
rents, we an use equation (see, for instane, the Magne-
tostatis hapter of [26℄):
Edip =
1
2
∫
φ(~r)ρ(~r)d3r , (7)
where ρ = −~∇· ~M is the eetive magneti harge density
and φ(~r) is the salar magneti potential, whih satises
the Poisson equation:
∇2φ = −4πρ .
Taking the Fourier transforms of ρ(~r) and φ(~r), the
Poisson equation an be easily solved and equation (7)
an be written as:
Edip = 2π
∫ ∣∣∣ρ(~k)∣∣∣2
k2
d3k .
Substituting expressions (1), (2) and (4), a straight-
forward alulation yields, for the magnetostati energy
density:
Edip
V
=
2
a3
(
g2µ2B
a3
)[(σ
d
)2
ǫx
(σ
d
, N, p
)
+ǫz
(σ
d
, N, p
)]
, (8)
where p = d/D is the slab's aspet ratio and:
ǫx
(σ
d
,N, p
)
= 2πp
∫ ∞
0
du
e−u
2( σd )
2
u
(
u
p
+ e−u/p − 1
)[
1 +
sin2 u/2
sin2 u/2N
− 2 cos
(
u(N − 1)
2N
)
sinu/2
sinu/2N
]
ǫz
(σ
d
,N, p
)
= 4p
∫ ∞
0
due−u
2(σd )
2 e−u/2p
u3
sinh
(
u
2p
)
tan2
( u
2N
) [
1− (−1)N cosu] . (9)
Finally, we an alulate the uniaxial rystalline
anisotropi term (see, for instane, the Magneti
Anisotropy hapter of [23℄):
Ecryst = −∆K
∫
d3rm2x ,
4where ∆K, the anisotropy onstant, an be positive or
negative, depending if the x axis is the easy (∆K > 0) or
the hard one (∆K < 0) . Evaluating this alulation, we
obtain that the density of anisotropi rystalline energy
is:
Ecryst
V
= −2∆K (N − 1)
√
π
2
(σ
d
)
. (10)
Hene, the total energy is given by:
Etot = Eexc + Edip + Ecryst (11)
As we are assuming ondition (3) to be satised, we
an make a further approximation to obtain a simpler
expression for the total energy. Using suh ondition, we
an approximate the exponential e−u
2(σ/d)2
in the inte-
grals (9) to 1, as long as we take an appropriate upper
limit to them:
ǫx
(σ
d
,N, p
)
≈ ǫx (0, N, p) ǫz
(σ
d
,N, p
)
≈ ǫz (0, N, p)
(12)
This proedure implies in errors of the order of 10% to
20%, if ompared to numerial alulations. The hoie
of the upper limit of the integrals has a small impat
on the nal result sine we are going to apply a self-
onsistent method in the end of the alulation. There-
fore, the qualitative physial properties are still valid in
this approximation, and we an minimize (11) as:
∂Etot
∂σ
= 0
∂2Etot
∂σ2
> 0 .
To solve these equations, it is onvenient to use the
following auxiliary variables:
(
σ′
a
)
=
(σ
a
)( J
g2µ2B/a
3
)−1/3(
2N + π(N − 1)
64
√
π (a/d) ǫx (0, N, p)
)−1/3
λ =
[ (
∆Ka3
)3
J (g2µ2B/a
3)
2
]1/3 [
2(N − 1)3π2
27 (aǫx (0, N, p) /d)
2
(2N + π(N − 1))
]1/3
. (13)
Then, the equation for the domain wall width an be
written as:
(
σ′
a
)3
− 3λ
(
σ′
a
)2
− 4 = 0 . (14)
It is easy to see that the auxiliary variables (13) are
just relations between the three dierent energy sales
involved in the system: in σ′, there is the ratio between
the typial value of the exhange energy and the typi-
al value of the dipolar energy. The other term is just
a numerial one and depends only on the ratio a/d, the
number of domains N and the aspet ratio p. For thik-
ness of the order of hundreds of lattie parameters, this
numerial fator is usually of the order of 10−1, what im-
plies that the relationship between the typial exhange
and dipolar energies will determine the order of the wall
width. From this, it is lear that when J ≫ g2µ2B/a3 no
sharp walls would be formed, as it would be expeted.
The parameter λ is a relationship between the three
types of energy and an be positive or negative, depend-
ing if the x axis is the easy or the hard one, respetively.
The numerial fator again depends only on a/d, N and
p, and for thikness of the order of hundreds of lattie
parameters, it is usually of the order of 10−1.
Let us study the solutions of (14); independently of
the sign of λ, equation (14) always has only one positive
solution. If λ ≥ 0, this solution is:
(
σ′
a
)
= λ+
λ2(
1 +
√
1 + λ3
)2/3 (15)
+
(
1 +
√
1 + λ3
)2/3
,
while, for −1 ≤ λ < 0, we have:
(
σ′
a
)
= λ+
λ2(
1−√1 + λ3)2/3 (16)
+
(
1−
√
1 + λ3
)2/3
,
and in the ase where λ < −1:
(
σ′
a
)
= λ− 2λ cos
[
arg
(
2 + λ3 − 2√λ3 + 1)
3
]
(17)
In gure 3, we show the graphis of the positive solu-
tion as a funtion of the parameter λ. As expeted, when
5−4 −2 2 4
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Figure 3: Plot of the general solution σ′/a for the ubi equa-
tion (14) as a funtion of the parameter λ.
λ is negative (magnetization lying on the easy axis), the
walls width is smaller than when λ is positive (magneti-
zation lying on the hard axis). We note that even when
λ > 0, i.e., the rystalline anisotropy does not favour
the formation of walls, it is possible for the system to be
divided in stable domains, as long as the dipolar inter-
ation is large enough ompared to both the other two
energy sales (as they appear in (13)).
An interesting situation that deserves a deeper anal-
ysis is when 0 < λ ≪ 1. Suh ase would our, for
example, if the energy sales satised J ∼ g2µ2B/a3 and
g2µ2B/a
3 ≫ ∆Ka3. Then, we an expand (15) and ob-
tain: (
σ′
a
)
= 22/3 + λ+O (λ2) ,
from whih we get, to rst order in λ:
(σ
a
)
=
(
a3J
g2µ2B
)1/3(
2N + π(N − 1)
16
√
π
(
a
d
)
ǫx (0, N, p)
)1/3
+
(
∆K a6
g2µ2B
)
(N − 1)√π
12a
d ǫx (0, N, p)
. (18)
To avoid numerial problems and redue the errors
onerning the approximation (12), it is useful to trans-
form the general solution for the walls width in a self-
onsistent equation:
(σ
a
)
=
(
σ′
a
)(
a3J
g2µ2B
)1/3
× (19)
(
2N + π(N − 1)
64
√
π ad ǫx
(
σ
d , N, p
)
)1/3
,
in whih there is an impliit dependene of σ′/a upon
σ. Although this proedure does not give exatly the
same result as a numerial method, it prevents one from
making further errors due to the integral that appears in
ǫx
(
σ
d , N, p
)
.
Finally, it is interesting to study this model in the limit
of d,D → ∞, where one expets to reover the result
known as Landau-Lifshitz wall (see, for instane [23℄).
From equation (11), it is lear that the terms referring to
the exhange and to the rystalline anisotropy are pro-
portional to d−1. The dipolar term has two parts: ǫz,
whih is due to the surfae harge on the upper and lower
faes of the slab, goes to zero as D → ∞; ǫx is just a -
nite number for a onstant aspet ratio p. Then, making
p onstant as d,D → ∞, it is lear that this term is
proportional to d−2 and is negligible if ompared to the
others. Hene, as pointed in [23℄, the dipolar energy van-
ishes in the limit of an innite rystal and domain walls
will be formed only if ∆K < 0. Minimizing the energy
with respet to σ and putting N = 2, we nd the result:
(σ
a
)
= 1.06
√
J
2 |∆K| a3 ,
whih is just 6% greater than the value of the Landau-
Lifshitz wall.
III. THEORETICAL HYSTERESIS LOOPS
We now want to study how this system responds to an
external magneti eld applied along the x axis. It is ex-
peted that, for strong enough elds, the magnetization
will lie along the x axis and will follow the eld diretion.
Our main objetive is to determine the qualitative fea-
tures of the hysteresis urves that would be observed for
dierent slab widths. Therefore, we must generalize our
previous model to inlude rotations of the domains mag-
netization. Introduing the angle φ between the mag-
netization and the z axis, we an write its omponents
approximately as:
Mz(x) = M0 cosφ
N∑
i=1
(−1)i−1
2
{
erfc
[
−x− d(i− 1)/N√
2σ
]
− erfc
[
−x− di/N√
2σ
]}
6Mx(x) = M0 (1− sinφ)
N−1∑
i=1
e−
(x−di/N)2
2σ2 +M0
sinφ
2
{
erfc
[
− x√
2σ
]
− erfc
[
−x− d√
2σ
]}
, (20)
assuming that the ondition (3) is satised. In what
follows, we will onsider that the width of the walls is
onstant, to simplify the alulations. Using the formal-
ism of last setion, it is straightforward to onlude that
an external magneti eld along the x axis usually will
not substantially hange the value of the minimum wall
width.
It is important to notie that this expression for Mx,
(20), as well as the previous one, (4), assumes that the
domains are along the positive x diretion. Although this
feature does not inuene any of the results obtained in
the last setion, it must be taken into aount in this
one, sine we are dealing with spin rotation. If we were
to make a omplete desription of this phenomenon, it
would be neessary to inlude domains in the y diretion,
otherwise the magnetization inside the walls ould never
rotate properly. Hene, bidimensional domains would
have to be onsidered, but this is beyond the sope of this
artile. Therefore, as the domain walls are very small, we
will not treat their rotation, but only the domains rota-
tion. This proedure will then be enough to give us the
main qualitative harateristis of the hysteresis loops.
Repeating the proedure of the last setion, it is
straightforward to alulate the total energy density re-
ferring to the onguration (20). We substitute it in
the expressions for the exhange, dipolar and rystalline
anisotropi energies, obtaining the total energy aord-
ing to (11). Leaving only the terms proportional to φ,
we obtain:
E
2M20
= A (N, d,D) sin2 φ (21)
−
[
B (N, d,D) +
H
M0
C
(
N,
σ
d
)]
sinφ ,
where H is the external magneti eld along the x
diretion and:
A (N, d,D) = 2πp
∫ ∞
0
e−u
2(σd )
2
u
(
u
p
+ e−
u
p − 1
){(σ
d
)2 [
1 +
sin2 u/2
sin2 u/2N
− 2 cos
(
u(N − 1)
2N
)
sin u2
sin u2N
]
+
2
π
sin2 u/2
u2
−
(σ
d
)√ 2
π
sinu/2
u
[
cot
( u
2N
)
tan
(u
2
)
− 1
]
du
}
−4p
∫ ∞
0
e−u
2(σd )
2 e−u/2p
u3
sinh
(
u
2p
)
tan2
( u
2N
) [
1− (−1)N cosu] du
+
(
J
g2µ2B/a
3
)[−2N + π(N − 1) + 2
8
√
π(d/a)(σ/a)
]
− 1
2
(
∆Ka3
g2µ2B/a
3
)
B (N, d,D) = 2πp
∫ ∞
0
e−u
2(σd )
2
u
(
u
p
+ e−
u
p − 1
){(σ
d
)2 [
1 +
sin2 u/2
sin2 u/2N
− 2 cos
(
u(N − 1)
2N
)
sin u2
sin u2N
]
−
(σ
d
) 1
2π
sinu/2
u
[
cot
( u
2N
)
tan
(u
2
)
− 1
]
du
}
+2
(
J
g2µ2B/a
3
)[
π(N − 1)
8
√
π(d/a)(σ/a)
]
C
(
N,
σ
d
)
=
1
2
[
1−
(σ
d
)√
2π(N − 1)
]
. (22)
If the ondition (3) is satised, one an usually make
the approximation C ≈ 1/2, as long as there are few
domains inside the slab.
As we did not onsider the terms independent of φ in
the total energy expression (21), we note that the energy
of the onguration studied in the previous setion, or-
responding to φ = 0, would be E = 0. Indeed, the terms
that appear in (21) are a ombination of the exhange,
dipolar and rystalline anisotropi energies referring to
the omponents of the magnetization (20) that are not
parallel to the z diretion. It is lear that the total en-
ergy will be non-zero only for ongurations in whih the
7the magnetization is tilted by some angle with respet to
the z axis.
Now, it is possible to apply a proedure similar to the
one developed by Stoner and Wohlfarth [24℄ to analyze
the spin reorientation in the presene of a magneti eld.
Minimizing equation (22) with respet to φ leads us to
∂E
∂φ
= 2A sinφ cosφ−
(
B +
H
M0
C
)
cosφ (23)
= 0 ,
while the seond derivative is given by
∂2E
∂φ2
= 2A cos 2φ+
(
B +
H
M0
C
)
sinφ . (24)
Equation (23) has two possible solutions: the rst one
refers to the two possible orientations for whih the mag-
netization lies on the x axis:
cosφ1 = 0⇒ φ1 = ±π
2
, (25)
and is a minimum as long as:
− 2A+
(
B +
H
M0
C
)
≥ 0 , (26)
if φ1 = π/2 , or:
− 2A−
(
B +
H
M0
C
)
≥ 0 , (27)
if φ1 = −π/2. The seond solution is:
φ2 = arcsin
(
B + HM0C
2A
)
, (28)
and it is a minimum for
2A ≥
(
B + HM0C
)2
2A
. (29)
Therefore, we an build a proedure to trae the upper
urve of the hysteresis loop. Applying a strong enough
positive magneti eld, the magnetization will lie along
the positive x diretion, sine φ1 = π/2 will be the
global minimum. As H diminishes, and eventually be-
omes negative, ondition (26), at some moment, will no
more be satised and two options will raise. If A ≤ 0,
while ondition (29) will never be satised, ondition (27)
will be, and the system will jump to the onguration in
whih the magnetization lies along the negative x dire-
tion (φ = −π/2). Hene, the upper urve of the hystere-
sis loop has the shape of an abrupt step when A ≤ 0.
The remanent magnetization along the x axis is simply
Mr = M0 , (30)
and the oerive eld is given by:
Hc = −M0
(
B − 2A
C
)
. (31)
However, if A > 0, other stable states will raise before
φ = −π/2 is reahed, sine ondition (29) is satised.
Then, the system jumps ontinuously from minimum to
minimum, as none of them an be a metastable state.
This behaviour ontinues until H is strong enough to not
satisfy ondition (29) anymore. Hene, ondition (27) is
satised and the magnetization lies along the negative
x diretion. In this ase, in whih A > 0, the upper
urve has the shape of an inlined step. The remanent
magnetization along the x axis is given by:
Mr =
{
M0 , if B > 2A
M0
(
B
2A
)
, otherwise
(32)
and the oerive eld by
Hc = −M0
(
B
2C
)
. (33)
To obtain the lower urve of the hysteresis loop, we
have to perform a slight modiation. As previously ex-
plained, the onguration onsidered assumes that the
domain walls are along the positive x diretion. However,
after the magnetization is reoriented, we must onsider
a new onguration in whih the domain walls are along
the negative x diretion, so we avoid additional errors for
not onsidering domains along the y diretion. Hene, we
take:
Mx(x) = M0 (−1− sinφ)
N−1∑
i=1
e−
(x−di/N)2
2σ2 +M0
sinφ
2
{
erfc
[
− x√
2σ
]
− erfc
[
−x− d√
2σ
]}
. (34)
8Equation (21) is then replaed by
E
2M20
= A (N, d,D) sin2 φ+
[
B (N, d,D)− H
M0
C
(
N,
σ
d
)]
sinφ . (35)
Following the same proedure as before, we obtain that
the lower urve has the same shape of the upper one,
and the remanent magnetization along the x axis and
the oerive eld are symmetrial to the ones presented
previously, (30)-(33).
Therefore, we onlude that, if A ≤ 0, the hysteresis
loop is squared, the remanent magnetization is M0 and
the oerive eld is given by (31). If A > 0, instead, the
hysteresis loop is inlined, the remanent magnetization
is given by (32) and the oerive eld by (33).
IV. APPLICATION TO MnAs : GaAs
Several works were done regarding magneti properties
of MnAs thin lms grown over GaAs substrates. Here we
will disuss possible appliations of our model to the ex-
perimental hysteresis loops reently obtained [27, 28, 29℄.
To make orrespondene between our model and the real
system, it is useful to identify the following rystallo-
graphi diretions of MnAs to the axis onsidered in g-
ure 1: [1¯1¯20] = x, [0001] = y and [1¯100] = z.
First of all, let us outline the parameters of the MnAs
thin lms that we will use in our alulations. As mea-
sured in [30℄, the anisotropy onstants assoiated to the
z and to the x axis are, respetively, Kz = 7 ·106 erg/cm3
and Kx = 7.4 ·106 erg/cm3. Hene, the x axis is the easy
one, and we an use ∆K = 0.4 · 106 erg/cm3. From the
rystalline struture of MnAs [8℄,whih is in fat hexago-
nal, we estimate the value of the equivalent ubi lattie
parameter to be a = 4A. The gyromagneti fator was
estimated as g = 4.5, from whih we obtain a magneti-
zation of M0 = 0.65 · 106A/m, that is very lose to the
experimental value measured ofM0 = 0.67·106A/m [31℄.
As we are interested in orders of magnitude, we estimate
J = 4.5meV from the Curie temperature of MnAs. Fi-
nally, as these lms have onstant thikness, we take the
xed value D = 130 nm, whih is the thikness of the
sample used in [29℄ and of the same order of magnitude
of usual samples.
Magneti Fore Mirosopy (MFM) images of
MnAs:GaAs lms have suggested that [29, 32℄, as the
temperature rises in the oexistene region (implying in
smaller widths of the ferromagneti stripe), the system
undergoes a transition from a onguration in whih the
magnetization lies along the easy x axis to another one
in whih it lies along the growth axis (the hard z axis)
and is divided in three domains. Let us verify the predi-
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Figure 4: Plot of the energy dierene between the ongura-
tion in whih the magnetization lies along the x axis and the
one in whih there are three domains lying along the z axis as
a funtion of the aspet ratio p of the ferromagneti stripe.
tions of our model for these situation: substituting the
experimental parameters of MnAs in the self-onsistent
equation (19) for N = 3 domains, we obtain that the
domain walls are stable and that their width is given by
σ = 3.8a. The solution to the ubi equation (14) used
was (18), sine the experimental parameters of MnAs im-
ply λ≪ 1. A numerial alulation in fat gives a width
of about 5a, what onrms our expetations that the ap-
proximative self-onsistent method gives errors less than
20%.
Using equation (21), it is possible to obtain the en-
ergy dierene between the two ongurations seen in
the MFM images. In gure 4, we show the plot of this
dierene as a funtion of the aspet ratio p and notie
that there is a transition at pc ≈ 1.5. The measurements
realized by Coelho et. al. [29℄ suggest that this transition
takes plae around pc ≈ 2.9. However, as mentioned pre-
viously, we do not take into aount the domains along
the y diretion or the inter-stripe interation, a feature
always observed in the MFM images. This seems to be
partiular important not only to provide more preise
values for pc but also to ensure that the most stable on-
guration has 3 domains. Without taking into aount
suh features, our model would predit also transitions to
N > 3 domain ongurations before the one at N = 3,
what is not observed in the MFM images. Hene, we an
only predit a qualitative behaviour of the real system.
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Figure 5: Plot of the hysteresis loop predited by the model
for p = 1.9. The vertial axis represents the relative magneti-
zation M/M0 along the x axis and the horizontal axis repre-
sents the external magneti eld H applied in the x diretion
in Oe.
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Figure 6: Plot of the hysteresis loop predited by the model
for p = 1.7. The vertial axis represents the relative magneti-
zation M/M0 along the x axis and the horizontal axis repre-
sents the external magneti eld H applied in the x diretion
in Oe.
It is interesting to plot the theoretial hysteresis loops
predited by our model for aN = 3 domain onguration
with the MnAs experimental parameters. Applying the
proedure developed in the previous setion, we see that
B > 0 for any value of the aspet ratio p and A is negative
until p ≈ 1.8 , where it beomes positive. Hene, it is
expeted that the hysteresis shape is squared until p ≈
1.8, where it beomes inlined. For 1.65 < p < 1.8, the
remanent magnetization is expeted to be yet M0, and
only for p < 1.65 it will start to derease. Figures 5,
6 and 7 show the three dierent possible shapes of the
hysteresis loops, aording to the proedure of the last
setion.
It is worth to notie that hysteresis loops of shapes
similar to gures 7 and 6 (but more rounded) were ob-
served in [28℄ and [29℄, respetively, while shapes like the
one in gure 4 were seen in both of them. Coelho et.
al. showed that the hange in the shape of the hysteresis
loops ours for p ≈ 2.9, whih is not too far from our
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Figure 7: Plot of the hysteresis loop predited by the model
for p = 1.5. The vertial axis represents the relative magneti-
zation M/M0 along the x axis and the horizontal axis repre-
sents the external magneti eld H applied in the x diretion
in Oe.
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Figure 8: Plot of the (a) modulus Hc of the oerive eld (in
Oe) and (b) of the relative remanent magnetization M/M0
along the x axis as a funtion of the aspet ratio p of the
ferromagneti stripe.
predition (p ≈ 1.8). However, our oerive elds are
one order of magnitude greater than the values obtained
by both [29℄ and [28℄. It is interesting to notie that
simulations performed by Engel-Herbert et. al. [28℄ on-
sidering other ongurations and other methods led to
the same order of magnitude for the oerive elds than
our model. The graphis of the oerive eld and the re-
manent magnetization predited by our model are shown
in gure 8, where it is easy to verify the paths for the
transitions among the three dierent types of hysteresis
loops pointed before.
Finally, we point out that, in [27℄, Takagaki et. al.
found a hysteresis loop similar to the squared one (gure
5) for MnAs thin lms and another similar to the in-
lined one (gure 6) (but more rounded, again) for disks
of MnAs fabriated from thin lms. It is evident that our
model annot be applied to disks (in suh ase, there is
the possibility of more omplex ongurations, like vor-
ties, for example), but it may give a hint about their
physial behaviour.
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V. CONCLUSIONS
In this artile, we have shown, using an approxima-
tive analytial self-onsistent equation, that multiple-
domains ongurations with sharp walls in a ferromag-
neti slab an be stable. We arrived at ratios among
the three typial magneti energy sales of the system
(exhange, dipolar and rystalline anisotropi) that an
determine the stability of these ongurations and also
give the order of magnitude for the walls width. Although
the approximations done to ahieve these equations intro-
dues impreision on the preditions of the model, they
do not signiantly hange the orders of magnitude in-
volved. Moreover, this model shows that, even when the
rystalline anisotropy prefers spread walls, the dipolar
interation an ompensate it to form sharp ones. In
what onerns thin lms of MnAs grown over GaAs sub-
strates, whih ould be an observable realization of our
model, we orroborated the suggestions based on MFM
images that predits the formation of three-domain on-
gurations along the hard axis, for temperatures above
25 ◦C. The transition between this state and the ong-
uration in whih the magnetization lies ompletely along
the easy axis was also predited, but the value of the lm
aspet ratio for whih this transition ours was far from
the experimental one.
In addition, we ompared the hysteresis loops that ap-
pears when an external magneti eld is applied along the
easy axis diretion for suh three-domain ongurations.
Qualitatively, we obtained, using an approah similar to
Stoner and Wohlfarth [24℄, all the three shapes of loops
observed in the literature (squared, inlined with large re-
manent magnetization and inlined with small remanent
magnetization). The main dierenes are that the in-
lined loops measured experimentally are more rounded
than ours and that the experimental oerive elds are
one order of magnitude smaller.
Several fators help us to understand why all these
dierenes between the preditions of the model and the
experimental measurements our. Firstly, the simple
model we used here does not onsider features that are
essential in the MnAs:GaAs real system, like the modu-
lation along the y diretion and the inter-stripe dipolar
interation. To inlude these features, a more sophisti-
ated model with bidimensional domains and topologial
defets would be neessary. Moreover, in what onerns
the hysteresis loops, the Stoner-Wohlfarth method deals
only with the olletive spin rotation, and does not take
into aount nuleation or pinning, whih an be respon-
sible for the rounded shape of the urves and the smaller
oerive elds observed in the experiments. As already
pointed out in [28℄, due to the lak of omplete knowledge
about the exat geometrial forms of the ferromagneti
stripes, the materials inhomogeneities (that an indue
nuleation) and the orret mirosopi parameters, we
annot expet an exat reprodution of the experimen-
tal hysteresis loops. Nonetheless the qualitative physial
properties predited here give an insight for a more om-
plete understanding of the omplex domain struture of
systems like MnAs:GaAs lms.
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